ABSTRACT Retinoic acid-inducible gene I (RIG-I) is an important pattern recognition receptor that detects viral
INTRODUCTION
The innate immune system can detect invasion of microbial pathogens through germline-encoded pattern recognition receptors (PRRs) (Kumar et al., 2009; Takeuchi and Akira, 2010) . The PRRs recognize pathogen-associated molecular patterns (PAMPs) that are structurally conserved among microbes. This process then triggers immune signaling of host cells, leading to upregulation of proinflammatory cytokines and expression of classes of antimicrobial peptides (Janeway and Medzhitov, 2002) . Four subfamilies of PRRs have been identified to date, including membrane-bound Toll-like receptors (TLRs), C-type lectin receptors (CLRs), and cytoplasmic proteins such as NOD-like receptors (NLRs) and retinoic acid-inducible gene-I-like receptors (RLRs) (Takeuchi and Akira, 2010) .
RLRs include three members, RIG-I (retinoic-acid-inducible gene-I; also called DDX58), MDA5 (melanoma differentiation-associated gene 5) and LGP2 (laboratory of genetics and physiology 2) (Yoneyama et al., 2004) . These protein species are involved in detecting viral RNAs and initiating signal transduction cascades that leads to the expression of type I interferons.
RIG-I is evolutionarily conserved RNA helicase in verte-brates and contains two N-terminal tandem caspase activation and recruitment domains (CARDs), a DExD-box RNA helicase/ATPase domain and a C-terminal regulatory domain (CTD), also termed repressor domain (RD) (Fig. 1A ) (Yoneyama et al., 2005; Saito et al., 2007; Lu et al., 2010) . RIG-I recognizes and unwinds viral dsRNA employing the CTD and helicase domain in the presence of ATP. In addition to dsRNA, RIG-I also detects single-stranded RNA bearing 5′-phosphates to trigger antiviral responses (Pichlmair et al., 2006) . RNA binding induces a conformational change of RIG-I to form dimers (Yoneyama et al., 2004) . Subsequently, the N-terminal CARD domains of RIG-I mediate downstream signaling by interacting with the adaptor protein MAVS (also known as VISA, IPS-1, and CARDIF), located on mitochondrial outer membranes (Kawai et al., 2005; Meylan et al., 2005; Xu et al., 2005) . Structural studies of RIG-I individual domains have provided some atomic insight into the mechanism of recognition of virus dsRNA and activation of RIG-I (Leung and Amarasinghe, 2012) . RIG-I is thought to assume an autoinhibitory conformation in which the CTD is flexibly attached to the helicase and the CARDs are clamped between the two moieties of the helicase domain. As such, the function of the tandem CARD domains is repressed and RIG-I has a low affinity for ATP and dsRNA binding (Kowalinski et al., 2011) . Upon virus infection, dsRNA binds to the cleft of the CTD which ultimately induces conformational changes of RIG-I to relieve structural constraints and functional repression of the CARD domains. Activated RIG-I molecules are recruited to mitochondria where the released CARD domains bind to MAVS (Kawai et al., 2005; Meylan et al., 2005; Xu et al., 2005; Liu et al., 2012) . MAVS then activates the cytosolic protein kinases IKK and TBK1, which in turn activate the transcriptional factors NF-κB and IRF3, respectively. NF-κB, IRF3 and other transcriptional factors function together in the nucleus to induce the expression of type-I interferons and other antiviral molecules. During this process, MAVS can form functional prion-like aggregates on mitochondrial membrane to propagate the antiviral signaling (Hou et al., 2011) .
Recent studies indicated that the regulation of RIG-I signaling involves post-translational modifications such as ubiquitination and phosphorylation. After binding to viral dsRNA, the CARD domains of RIG-I undergo ubiquitination through the E3 ubiquitin ligase TRIM25 (tripartite motif-containing protein 25) (Gack et al., 2007) . TRIM25 interacts with the first CARD domain of RIG through its SPRY domain, and exclusively conjugates K63-linked polyubiquitin (polyUb) on RIG-I and consequently facilitates downstream signal transduction through interacting with MAVS (Gack et al., 2008) . Meanwhile, unanchored K63-linked polyUb may be necessary and sufficient to activate the RIG-I pathway and induce the expression of type-I interferons (Zeng et al., 2010) . PolyUb chains appear to induce high-order oligomerization of RIG-I, which may play a pivotal role in augmenting the antiviral signaling cascades through MAVS (Jiang et al., 2012) .
Phosphorylation has been identified as an important negative regulatory mechanism of RIG-I signaling pathway . It was found that S8 and T170 in the tandem CARD domains of RIG-I are constitutively phosphorylated under physiological conditions NistalVillan et al., 2010) . The S8E and T170E mutants of RIG-I appear to inhibit TRIM25 binding. Protein kinase C (PKC) has been identified as the primary kinase responsible for the phosphorylation of RIG-I and therefore repression of RIG-Imediated MAVS signaling pathway (Maharaj et al., 2012) .
Structural and biochemical analyses of RIG-I antiviral signaling pathway using various purified recombinant proteins was undertaken. We confirmed that the dimerization of full length RIG-I occurs upon dsRNA binding. These studies revealed features of the conformational rearrangements of the CARD domains that occur upon activation. RIG-I can bind to the CARD domain of MAVS, but phosphorylation at sites S8 or T170 of RIG-I prevents the CARD domains from binding to MAVS.
RESULTS
dsRNA and ATP induce dimerization of full length RIG-I to form a 2:2 complex As aforementioned, RIG-I mainly consists of three functional domains as illustrated in Fig. 1A . Previous studies concerning the crystal structures of RIG-I C-terminal domain (CTD) bound to 5′ppp and blunt-ended dsRNA provide some mechanistic models regarding recognition of viral RNA (Lu et al., 2010 (Lu et al., , 2011 . Notably, these studies suggested a complex of 2:1 stoichiometry between CTD of RIG-I and dsRNA, where each terminus of the dsRNA binds one CTD.
To better understand the dsRNA binding properties of RIG-I in full length context, we expressed RIG-I in Escherichia coli and purified the recombinant proteins for in vitro experiments. A synthesized 14-bp GC-rich dsRNA was used for RIG-I binding analysis. RIG-I protein alone was subject to Superdex-200 gel filtration chromatography. According to our standard curve, the molecular weight of RIG-I alone was 110 kDa, indicating its monomeric state. Neither ATP alone (Fig. 1B ) nor dsRNA alone (Fig. 1C) could change the oligomeric status of full length RIG-I. Only in the presence of ATP, dsRNA could bind to full length RIG-I with high affinity (Kd of 0.48 ± 0.33 μmol/L) (Fig. 1C) . Moreover, our gel filtration assays showed that in the presence of both ATP and the 14-bp blunt-ended dsRNA, RIG-I was eluted at ~200 kDa, corresponding to the molecular weight of RIG-I dimer. These observations suggested that dsRNA could induce full length RIG-I to form dimer in the presence of ATP.
By examining the gel filtration curve of RIG-I mixed with dsRNA in 2:1 molar ratio, we found that part of RIG-I proteins remained in the monomeric fraction ( Fig. 2A, left panel) . However, the mixture of RIG-I and dsRNA in equal molar ratio were mainly eluted in a fraction corresponding to molecular weight of ~200 kDa ( Fig. 2A, right panel) . We therefore speculated that dsRNA binding triggered conformational changes of RIG-I monomers to form a homodimer with each RIG-I molecule recognizing and accommodating one dsRNA. To further verify the stoichiometry of RIG-I:dsRNA complex, we performed dynamic light scattering (DLS) to detect the molecular weight and homogenicity of full length RIG-I mixed with dsRNA in different molar ratio. While RIG-I alone was a monomer (Fig. 2B ), the sample of RIG-I mixture with dsRNA in equal molar ratio was most homogeneous with a molecular weight of around 203 kDa (Fig. 2C ), indicating that dsRNA induced RIG-I to form a homodimer. This result was consistent with the estimates from gel filtration analysis. Moreover, excessive amount of either RIG-I or dsRNA significantly reduced the homogenicity of mixtures, leading to multiple molecular species in solution ( Fig. 2D and 2E ). Taken together, our results indicated that full length RIG-I appeared to bind dsRNA with a molecular ratio of 2:2 instead of 2:1 that was previously reported for the complex of RIG-I CTD and dsRNA (Lu et al., 2011) .
Electron microscopic structure of RIG-I in complex with blunt-ended dsRNA
The crystal structures of the helicase and CTD domains of human RIG-I bound to dsRNA, as well as the CARDs and helicase domains of duck RIG-I have been determined Kowalinski et al., 2011) . However, the structural information of full length RIG-I remains unavailable. We then utilized negative staining electron microscope (EM) to characterize the structural features of full length RIG-I in complex with blunt-ended dsRNA (Fig. 3A) . The complex was assembled in vitro by mixing purified human full length RIG-I proteins with the synthesized 14-bp blunt-ended dsRNA, followed by gel filtration. Target fractions corresponding to dimers of RIG-I in complex with dsRNA were pooled and concentrated for EM study.
3D density map of the full length RIG-I-dsRNA complex ( Fig.  3B ) was constructed by single particle analysis of 10,991 particles utilizing EMAN1 package (Ludtke et al., 1999 (Ludtke et al., , 2001 . We first calculated a density map without imposing any symmetry, which revealed the existence of a 2-fold symmetry in the map (Fig. S1 ). Thus the 2-fold symmetry was imposed in the subsequent reconstruction process. Comparison of the 3D density map and the reference-free 2D class averages revealed a reasonable correspondence between them (Fig.  S2A ), indicating the reliability of our 3D density map. Resolution of the final map was assessed to be approximately 15.0 Å based on a criterion of 0.5 Fourier Shell Correlation (FSC) (Fig. S2B) . Moreover, the measured volume of our density map corresponded to a molecular mass of approximately 200 kDa, which was similar to that of RIG-I dimer. 
Protein & Cell
To further interpret the density map in more structural details, we fitted the homologous crystal models into the map (Fig. 3B-D) . The crystal structure of the helicase domain (PDB ID: 3TMI) ) and a comparative model of the CARD domains were fitted independently into our density map by rigid-body fitting using Situs package (Wriggers et al., 1999) . The cross-correlation score between the map and model was 0.88 calculated by using EMAN program foldhunter P. Moreover, a difference map was calculated between our density map and a blurred map at 15 Å generated from our pseudo atomic model (Fig. S3) , indicating a reasonable fitting of our model.
Our fitting clearly demonstrated that the density map contains two RIG-I monomers side by side bound with two individual dsRNA, forming a 2:2 RIG-I:dRNA complex. This observation revealed without ambiguity that RIG-I forms a homodimer in the presence of dsRNA, consistent with our gel filtration and DLS results. Moreover, the helicase and CTD domains were automatically fitted into the lower portion of the density map ( Fig. 3B-D) . The fitting suggested that, for the RIG-I monomer within the dimer, the CTD domains were exposed outside while the helicase domain remained inside the molecule. The CARD domains were located in the upper part of the EM density map, indicating the approximate location of the relived CARD domains upon the dimerization of RIG-I when triggered by dsRNA binding (Fig. 3C) . The relative orientation of the CARD domains to the helicase and CTD domains, to our knowledge, revealed for the first time an active conformation of RIG-I in full length. Of particular note, the two tandem CARD domains had to be treated separately as individual rigid bodies to obtain the best fit into our EM density map, indicating conformational rearrangements of the CARD domains during RIG-I dimerization. This observation differed from a previous report suggesting that the tandem CARD domains of RIG-I formed a rigid functional unit (Kowalinski et al., 2011) . Taken together, these results revealed an active conformation of RIG-I:dsRNA complex, in which the two RIG-I monomers pack against each other mainly through their helicase domains in a back to back mode with CTD domains protruding outside in opposite directions. As such the CARD domains of the two RIG-I molecules were brought together and structurally more exposed.
dsRNA promotes specific binding of K63-linked polyUb to RIG-I
Previous study suggested that unanchored K63-linked polyUb are required for full activation of RIG-I-mediated MAVS signaling (Zeng et al., 2010) . Although it has been proposed that only K63-linked polyUb can activate RIG-I and eventually cause dimerization of IRF3, the binding of different types of polyUb chains to RIG-I has not been examined in detail. Using purified recombinant proteins of RIG-I and polyUb chains, we tested interactions between full length RIG-I and K11-or K48-or K63-linked Ub3 in the presence or absence of dsRNA and ATP.
Our pull-down assay indicated that K11-linked Ub3 was incapable of binding to RIG-I with or without dsRNA (Fig. 4A,  lanes 1 and 4) . K48-linked Ub3 weakly interacted with RIG-I in the presence of dsRNA and ATP (Fig. 4A, lane 5) . However, K63-linked Ub3 bound to full length RIG-I no matter preincubating with dsRNA or not (Fig. 4A, lanes 3 and 6) . But the binding of K63-linked Ub3 was enhanced in the presence of dsRNA and ATP. The result of western blot was in accordance with that of the SDS-PAGE (Fig. S4) . This enhanced polyUb binding could be explained by our EM analysis showing conformational rearrangements of the CARD domains of RIG-I upon dsRNA binding. The conformational rearrangements trigged by dsRNA ligation could relive the CARD domains of RIG-I from the repression of the helicase domain, rendering them more flexible and fully accessible to unanchored polyUb chains (Luo et al., 2012) (Fig. 4E) . Taken together, these results suggested that RIG-I selectively bound to K63-linked polyUb, supporting the notion that full activation of RIG-I signaling required K63-linked polyUb binding in a dsRNA dependent manner.
Ubiquitination-defective and phosphorylation-mimicking mutations of RIG-I impair K63-linked polyUb binding
Both ubiquitination of K172 or binding of unanchored K63-linked polyUb have been implicated in promoting RIG-I-mediated antiviral signaling (Gack et al., 2007; Zeng et al., 2010) . It has been found that mutations of T55I and K172R of RIG-I may abolish TRIM25-mediated ubiquitination of the CARD domains. A recent study identified that PKC induced phosphorylation of RIG-I functionally antagonizes the ubiquitination-mediated activation of RIG-I signaling . Phoshporylation-mimicking at sites S8 and T170 of RIG-I suppresses ubiquitination of the CARD domains and therefore inhibits RIG-I antiviral activity. However, it has not been clearly defined whether phosphorylation at sites S8 and T170, as well as ubiquitination defective mutations of RIG-I regulates the binding of unanchored polyUb chains. To address these questions, we performed pull-down assay using purified wild-type and mutant (S8E, T55I, T170E and K172R) RIG-I proteins in full length.
Wild-type and mutant RIG-I proteins were incubated with the synthesized 14-bp blunt-ended dsRNA and ATP for 30 min in a buffer containing 20 mmol/L HEPES (pH7.5) and 100 mmol/L NaCl, and then used pull-down assay to detect binding of purified K63-linked Ub3. To avoid non-specific binding, the pull-down samples were washed with the same buffer containing 50 mmol/L imidazole. As shown in Fig. 4B , wild-type RIG-I could efficiently bind to K63-linked Ub3 in the presence of dsRNA (lane 2). However, RIG-I mutants S8E and T55I exhibited decreased binding of K63-linked Ub3 (lanes 3 and 4) . Furthermore, RIG-I mutants T170E and K172R did not show detectable binding of K63-Ub3 (Fig. 4B) . These results indicated that phosphorylation-mimicking at Previous cell based study indicated that the E3 ubiquitin ligase TRIM25 mediates RIG-I antiviral activity by introducing K63-linked ubiquitination at site K172 of RIG-I (Gack et al., 2007 (Gack et al., , 2008 . To detect a direct interaction between full length RIG-I and TRIM25, we performed pull-down assay using purified recombinant proteins of RIG-I and TRIM25. As shown in Fig. 4C , TRIM25 binding to wild-type RIG-I was dependent on dsRNA and ATP (lanes 2 and 3), consistent with the notion that dsRNA-induced conformational rearrangements of the repressed tandem CARD domains is a prerequisite for TRIM25 binding.
Next we assessed the effect of various mutations on the direct interaction between RIG-I and TRIM25. As expected, mutations T55I and K172R of RIG-I abrogated TRIM25 binding (Fig. 4C, lanes 5 and 7) . The RIG-I mutant S8E showed a markedly reduced binding of TRIM25 (lane 4), while the mutant T170E was completely disabled for TRIM25 binding (lane 6), suggesting that phosphorylation-mimicking of CARD domains directly inhibited TRIM25 binding. It is likely that the phosphorylation of RIG-I may directly alter the surface charge required for TRIM25 binding, or introduce steric hindrance to prevent binding.
Interestingly, when compared with mutations of S8E and T55I, which are located in the first CARD domain of RIG-I, mutations of T170E and K172R, which are located within the second CARD domain caused more severe effects on the binding of both TRIM25 and unanchored K63-linked Ub3, highlighting a primary role of the second CARD domain in polyUb-related activation of RIG-I. This notion is also supported by the structural organization of the tandem CARD domains in the inactive state of RIG-I. The first CARD is more exposed while the second one is strictly constrained by the helicase domain (Fig. 4D) .
Phosphorylation-mimicking of RIG-I inhibits its interaction with MAVS
Upon activation, the tandem CARD domains of RIG-I interact with the CARD domain of MAVS to transduce antiviral signaling. To detect direct interactions between RIG-I and MAVS, we performed pull-down assay using purified recombinant proteins of full length His-tagged RIG-I and MBP-tagged CARD domain of MAVS. As shown by the two-direction pull-down in Fig. 5A and 5B, RIG-I could bind to the CARD domain of MAVS independent of dsRNA and ATP. This observation could be explained by the crystal structure of the ligand-free RIG-I-∆CTD which revealed a head-to-tail conformation of the tandem CARD domains (Kowalinski et al., 2011) . Thus even in its inactive state, the first CARD domain of RIG-I is exposed and does not contact with the helicase domain, suggesting that the first CARD domain is accessible for interaction with the MAVS.
Recently, it is reported that RIG-I is constitutively phosphorylated under physiological condition, and this phosphorylation inhibits its antiviral activity (Maharaj et al., 2012) . To find out whether phosphorylation of RIG-I directly inhibits its interaction with the downstream adaptor protein MAVS, we tested interactions between the CARD domain of MAVS and the phosphorylation-mimicking mutants of RIG-I S8E and T170E. Our results showed that phosphorylation-mimicking of RIG-I disrupted MAVS binding regardless of dsRNA and ATP (Fig. 5C ), indicating that phosphorylation negatively regulated RIG-I-mediated MAVS antiviral signaling not only by inhibiting TRIM25 and polyUb chains binding, but also by directly blocking its interaction with MAVS. We then modeled RIG-I-MAVS signaling transduction through CARD-CARD interaction regulated by phosphorylation (Fig. 5D ). In the resting state, residues S8 and T170 of the CARD domains of RIG-I are constitutively phosphorylated, which blocks the RIG-I interaction with the CARD domain of MAVS. Dephosphorylation of the CARD domains of RIG-I enables their binding to MAVS and subsequently initiates antiviral signaling.
DISCUSSION
The electron microscopic structure of RIG-I in complex with blunt-ended dsRNA as a 2:2 molar ratio indicated conformational rearrangements of the tandem CARD domains of RIG-I occur in the presence of dsRNA. RIG-I specifically binds to unanchored K63-linked polyUb and phosphorylation mimicking mutations of RIG-I impairs binding of both unanchored K63-linked polyUb and TRIM25, as well as inhibits RIG-I interaction with MAVS.
Upon viral infection, dsRNA is recognized by the CTD of RIG-I, which induces a conformational change of RIG-I in the presence of ATP and facilitates the recruitment of a series of signaling molecules. The tandem CARD domains of RIG-I affect the CARD domain of MAVS, triggering antiviral responses. RNA transcripts containing a 5′ triphosphate (ppp) represents a major ligand species of RIG-I (Hornung et al., 2006; Pichlmair et al., 2006) . Synthetic dsRNA or short dsRNA mimetics derived from RNase digestion of poly I:C are also recognized by the CTD (Kato et al., 2008; Takahasi et al., 2008) . Recent studies demonstrated that the CTD of RIG-I can bind blunt-ended dsRNA as well, although with lower affinity when compared with 5′ppp dsRNA (Schlee et al., 2009; Lu et al., 2011) . Our results confirmed that blunt ended dsRNA can bind to full length RIG-I and trigger its conformational changes only in the presence of ATP. Moreover, EM analysis of full length RIG-I in complex with blunt-ended dsRNA revealed a stoichiometry of 2:2.
Post-translational modification (PTM) is a mechanism for regulation of various proteins involved in cellular signaling pathways. Ubiquitination and phosphorylation contribute to distinct regulatory activities of signaling pathways (Oh et al., 2007) . RIG-I is ubiquitinated at K172 by the E3 ubiquitin ligaseTRIM25 (Gack et al., 2007) . T55I mutation of RIG-I decreases the level of TRIM25 binding, leading to reduced ubiquitination of RIG-I and downstream MAVS signaling. In addition, several other ubiquitin ligases including Riplet and RNF125 regulate the activation of RIG-I (Oshiumi et al., 2009 (Oshiumi et al., , 2010 . RNF125 conjugates K48-linked polyUb to RIG-I, leading to proteasomal degradation and down-regulation of IFN species produced (Arimoto et al., 2007) . Unanchored K63-linked polyUb activate RIG-I and induce expression of IFN-β (Zeng et al., 2010) .
We have found that RIG-I can bind to K63-linked polyUb with suboptimal affinity in the absence of dsRNA, while phosphorylation-mimicking of RIG-I abrogates polyUb binding. Viral dsRNA induced conformational rearrangements of the tandem CARD domains appear essential to facilitate optimal binding of TRIM25 or unanchored K63-linked polyUb, which is required for activation of RIG-I.
The phosphorylation level of RIG-I is reduced upon viral infection, indicating an activation mechanism by dephosphorylation (Maharaj et al., 2012) . Our results showed that phosphorylation-mimicking mutants of RIG-I S8E or T170E dramatically decreased or abolished binding of TRIM25, unanchored K63-linked polyUb, and MAVS, indicating redundant inhibitory effects on RIG-I signaling. Homology modeling of the CARD domains of human RIG-I explains the structural basis of inhibition by phosphorylation. Since T170 and K172 are immediately adjacent to each other, phosphorylation of T170 will alter the surface charge and therefore sterically hinder the binding of unanchored K63-linked polyUb, as well as TRIM25-mediated polyUb attachment to K172. Residue S8 is in close proximity to the C-terminus of the first CARD domain, and may indirectly influence the ubiquitin binding sites around residues K154, K164 and K172 in the second CARD domain . Further structural studies are required to elucidate the atomic details of phosphorylation and polyUb-mediated regulation of RIG-I signaling. Unanchored polyUb chains appear to induce high-order clustering of RIG-I promoting MAVS-mediated antiviral signaling cascades (Jiang et al., 2012) . TRIM25-mediated K63-linked ubiquitination of RIG-I and binding of unanchored K63-linked polyUb may thus play equivalent roles during aggregation of the tandem CARD domains of RIG-I.
We propose a model of regulation of RIG-I-mediated anti viral signaling (Fig. 6) . Under physiological conditions, S8 and T170 of RIG-I are constitutively phosphorylated to maintain an autoinhibitory state. During viral infection, dsRNA is recognized by the CTD of RIG-I, which induces dimerization and conformational rearrangements of RIG-I in the presence of ATP, leading to optimal binding of TRIM25 and K63-linked polyUb. Dephosphorylation at sites S8 and T170 removes the steric hindrance and alters the surface charges. As a result, both TRIM25-mediated ubiquitination of RIG-I and binding of unanchored K63-linked polyUb can promote high-order oligomerization of RIG-I (Jiang et al., 2012) , which subsequently interacts with the CARD domain of MAVS, leading to aggregates of MAVS (Hou et al., 2011) . Activated MAVS then triggers downstream signaling by molecules including IKK, TBK1, NF-κB and IRF3.
MATERIALS AND METHODS

Cloning, protein expression and purification
The cDNA encoding full length human RIG-I (amino acids 1-925) was cloned into expression vector pET28a. Mutations of S8E, T55I, T170E and K172R of RIG-I were generated by QuikChange Site-directed Mutagenesis kit (Stratagene) and verified by sequenc- ing. All the constructs of RIG-I with a C-terminal 6x His-tag (RIG-I-His) were transformed into E.coli BL21 (DE3) codon plus competent cells. Protein expression was induced by adding 0.5 mmol/L isopropyl β-D-thiogalactopyranoside (IPTG) in Terrific Broth medium at 16°C for 18 h. Bacterial cells were harvested and proteins were purified at 4°C on Ni 2+ -NTA affinity column, followed by gel filtration and ion exchange chromatography. Full length TRIM25 (amino acids 1-630) and MAVS-CARD domain (amino acids 1-93) were cloned into vector MBP-pET-28a, which was modified from pET-28a (Novagen), and expressed in E.coli BL21 (DE3) cells. MBP-TRIM25 and MBP-MAVS-CARD fusion proteins were purified by amylase resin column, followed by gel filtration chromatography. All proteins were stored in buffer A containing 20 mmol/L HEPES (pH 7.5), 100 mmol/L NaCl and 1 mmol/L DTT.
RIG-I dimerization analysis by gel filtration
The 14-bp blunt-ended dsRNA (5′-GGCGCGCGCGCGCC-3′) used in this experiment was chemically synthesized as described previously (Lu et al., 2011) . Purified RIG-I protein was mixed with dsRNA in different molar ratio at 4°C for 30 min. 250 μL samples (1 mg/mL) were injected into Superdex-200 (10/300 GL) gel filtration column (GE Healthcare) with buffer A. The column was calibrated with standard proteins of different molecular weights.
Isothermal titration calorimetry (ITC)
ITC experiments were carried out at 20°C using a VP-ITC microcalorimeter (MicroCal Inc.). Protein samples were desalted into a buffer containing 20 mmol/L HEPES (pH 7.5), 100 mmol/L NaCl. To analyze the binding of dsRNA with full length RIG-I, dsRNA was injected into the calorimetric cell containing RIG-I at 10 μmol/L in the presence or absence of ATP. Titrations were performed with twenty 2 μL injection, and with 300 sec equilibration time between injections. The ITC data were analyzed using the Origin version 7.0 program and fitted to a single-site binding model to obtain the parameters Kd, ∆H, and stoichiometry (N).
Dynamic light scattering
The weighted distribution and homogenicity of full length RIG-I mixed with dsRNA in different molar ratios were determined at 25°C by dynamic light scattering. Briefly, RIG-I was diluted to 1.5 mg/ml and mixed with dsRNA at 4°C for 30 min in molar ratio 1:2, 2:1 and 1:1, respectively. Scattered light was measured at a 90° angle using a 658 nm wavelength.
Pull-down assays
MBP-tagged bait proteins were coupled on amylase resin first, and then mixed with different prey proteins at 4°C for 1 h in buffer A. The mixtures were washed three times with the same buffer. The input and output samples were boiled in SDS-PAGE loading buffer and loaded on SDS-PAGE followed by Coomassie blue staining. The procedure of His pull-down assays was similar to MBP pull-down, but the mixtures were washed with buffer A with 50 mmol/L imidazole.
Western blot
Samples of pull down assays were boiled and separated electrophorectically on 12% SDS-PAGE gel. Protein bands were transferred onto PVDF (polyvinylidene fluoride) membrane by electroblotting. The membrane was blocked in TBST buffer (25 mmol/L Tris-HCl pH 7.4, 1.5 mol/L NaCl, 0.5% Tween-20) containing 5% fat-free dry milk for 1 h. The membrane was washed with TBST for three times and incubated with mouse anti-Ub and anti-His antibody for 2 h, respectively. After washing with TBST, the membrane sheets were incubated with peroxidase conjugated anti-mouse antibody for 1 h. The bands were visualized using Thermo ECL detection kit.
EM data collection
RIG-I dimer with RNA sample was analyzed by negative-stain electron microscopy. The sample was first diluted to 6.7 μg/ml, then 4-5 μL of such sample was deposited onto a glow-discharged 400/200 mesh carbon grid (1.2 × 1.3 μm hole size) before stained with 2% uranyl acetate. Data were collected by utilizing a Tecnai TF20 transmission electron microscope (FEI Company, USA) operated at an acceleration voltage of 200 kV. Micrograph images were acquired at a nominal microscopic magnification of 100,000 using a 4k × 4k CCD camera. Images were collected at a defocus ranging from -0.3 to -0.6 μm with a pixel size of 1.1 Å/pixel.
EM image processing and model building
10,991 particles were boxed out from 176 CCD images by e2boxer.py program of EMAN2 (Tang et al., 2007) . Reference-free class-averages were generated by e2refine2d.py program, and those class-averages were used to calculate an initial model by e2initialmodel.py program from EMAN2. Contrast transfer function parameters were estimated using EMAN1 procedure "ctfit" (Ludtke et al., 2001) . 3D reconstruction by refine from EMAN1 Cong and Ludtke, 2010) was processed without imposing any symmetry initially, and a 2-fold symmetry was revealed in this reconstruction, which was subsequently imposed in the reconstruction process. The final 3D density map was yielded from about 9,100 particles.
UCSF Chimera volume measurement module was used to measure the volume of the map. Situs program colores, a full exhaustive search in 6D search space (Wriggers et al., 1999; Chacon and Wriggers, 2002; Wriggers, 2012) , was used for rigid-body fitting of the homologous atomic models independently into the density map. The models include the crystal structure of human RIG-I (∆CARD) in complex with double-stranded RNA (dsRNA) (PDB ID: 3TMI) and a comparative model of CARD domains built from the amino acids sequences of human CARD domains and the crystal structures of duck CARD domains (PDB ID: 4A2W) by the SWISS-MODEL. To get the maximum cross-correlation score between the map and the models, a local refinement program collage from Situs was processed to further refine the original multi-fragment model.
